Abstract: The diagnosis and treatment of patients with Sjögren syndrome (SS) with neuropathic pain pose several challenges. Patients with SS may experience unorthodox patterns of burning pain not conforming to a traditional "stocking-and-glove" distribution, which can affect the face, torso, and proximal extremities. This distribution of neuropathic pain may reflect mechanisms targeting the proximal-most element of the peripheral nervous system-the dorsal root ganglia (DRG). Skin biopsy can diagnose such a small-fiber neuropathy and is a surrogate marker of DRG neuronal cell loss. However, SS patients have been reported who have similar patterns of proximal neuropathic pain, despite having normal skin biopsy studies. In such cases, DRGs may be targeted by mechanisms not associated with neuronal cell loss. Therefore, alternative approaches are warranted to help characterize abnormal DRGs in SS patients with proximal neuropathic pain.
Abstract: The diagnosis and treatment of patients with Sjögren syndrome (SS) with neuropathic pain pose several challenges. Patients with SS may experience unorthodox patterns of burning pain not conforming to a traditional "stocking-and-glove" distribution, which can affect the face, torso, and proximal extremities. This distribution of neuropathic pain may reflect mechanisms targeting the proximal-most element of the peripheral nervous system-the dorsal root ganglia (DRG). Skin biopsy can diagnose such a small-fiber neuropathy and is a surrogate marker of DRG neuronal cell loss. However, SS patients have been reported who have similar patterns of proximal neuropathic pain, despite having normal skin biopsy studies. In such cases, DRGs may be targeted by mechanisms not associated with neuronal cell loss. Therefore, alternative approaches are warranted to help characterize abnormal DRGs in SS patients with proximal neuropathic pain.
We performed a systematic review of the literature to define the frequency and spectrum of SS peripheral neuropathies, and to better understand the attribution of SS neuropathic pain to peripheral neuropathies. We found that the frequency of SS neuropathic pain exceeded the prevalence of peripheral neuropathies, and that painful peripheral neuropathies occurred less frequently than neuropathies not always associated with pain. We developed a novel magnetic resonance neurography (MRN) protocol to evaluate DRG abnormalities. Ten SS patients with proximal neuropathic pain were evaluated by this MRN protocol, as well as by punch skin biopsies evaluating for intraepidermal nerve fiber density (IENFD) of unmyelinated nerves. Five patients had radiographic evidence of DRG abnormalities. Patients with MRN DRG abnormalities had increased IENFD of unmyelinated nerves compared to patients without MRN DRG abnormalities (30.2 [interquartile range, 4.4] fibers/mm vs. 11.0 [4.1] fibers/mm, respectively; p = 0.03). Two of these 5 SS patients whose neuropathic pain resolved with intravenous immunoglobulin (IVIg) therapy had improvement of MRN DRG abnormalities.
We have developed a novel MRN protocol that can detect DRG abnormalities in SS patients with neuropathic pain who do not have markers of peripheral neuropathy. We found that SS patients with MRN DRG abnormalities had statistically significant, increased IENFD on skin biopsy studies, which may suggest a relationship between trophic mediators and neuropathic pain. Given that our literature review has demonstrated that many SS neuropathic pain patients do not have a neuropathy, our findings suggest an important niche for this MRN DRG technique in the evaluation of broader subsets of SS neuropathic pain patients who may not have underlying neuropathies. The improvement of MRN DRG abnormalities in patients with IVIg-induced remission of neuropathic pain suggests that our MRN protocol may be capturing reversible, immune-mediated mechanisms targeting the DRG. 
INTRODUCTION
S jögren syndrome (SS) affects up to 1%-2% of the adult population, causes symptoms of keratoconjunctivitis sicca (dry eyes) and xerostomia (dry mouth), and is a systemic autoimmune disease with different permutations of end-organ complications. 21 Peripheral nervous system (PNS) manifestations of SS are among the most common extraglandular manifestations, and can be associated with severe neuropathic pain and psychosocial comorbidities. 8 Such PNS complications are likely to be encountered by clinicians of different specialties, given that SS patients require ongoing care by primary care practitioners (for systemic, end-organ complications), ophthalmologists (for dry eyes), dentists and other oral health practitioners (for dry mouth), gynecologists (for vaginal dryness and dyspareunia), psychiatrists (for depression), otolaryngologists (for tracheal dryness and performance of lip biopsy), as well as neurologists and rheumatologists. Because of the requisite multifaceted and multidisciplinary care of SS patients, it is especially important for clinicians from all of these specialties to be familiar with the clinical spectrum, diagnostic approach, and etiopathogenic mechanisms of the PNS manifestations seen in SS patients.
The clinical manifestations of the neuropathies that occur in SS reflect disease-associated mechanisms that may target different anatomic structures. For example, SS is characterized by promiscuous B-cell dysregulation and the induction of both There are several potential explanations for why SS patients may report vivid descriptors of neuropathic pain (for example, "burning," "tearing," "raking"), without seeming to have supportive features of a peripheral neuropathy.
First, the limitations of electrodiagnostic studies may not be appreciated. Small-fiber neuropathies cause severe neuropathic pain, which may occur in 5%-10% of SS patients, 58 but target unmyelinated nerves that cannot be assessed by electrodiagnostic studies. 41 In such cases, additional studies such as skin biopsy are warranted to diagnose a neuropathy. 47 Second, diagnosing small-fiber neuropathies in SS patients poses unique challenges. Neuropathic pain may be readily ascribed to a PNS etiology when presenting in a familiar "stocking-and-glove" pattern. Such a pattern reflects mechanisms that symmetrically target the distal-most small-fiber nerves-and is therefore referred to as a length-dependent, small-fiber neuropathy. In contrast, SS patients may have an entirely different pattern of neuropathic pain, occurring in a distribution that can affect the face, torso, and proximal-most extremities 12 -and is therefore referred to as a "non-length-dependent," small-fiber neuropathy. Yet because of this unorthodox distribution of neuropathic pain, SS patients with such proximal neuropathic pain may be misdiagnosed as having fibromyalgia or even psychiatric disease. However, skin biopsy studies have suggested that such patterns of proximal neuropathic pain reflect neuronal cell loss affecting the proximal-most element of the PNS-the DRG. 10, 12, 26, 30, 38, 43, 55 Biopsies have revealed extensive lymphocytic infiltration of the DRG in case series and small numbers of patients with SS neuropathy. 33, 38, 55 Therefore, SS patients who complain of such diffuse neuropathic pain, and who may be misdiagnosed as having fibromyalgia or suspected as having a nonorganic pain syndrome, can experience a "real" small-fiber neuropathy that is peripheral, immune-mediated, and directed against the DRG.
Finally, a third reason for unexplained neuropathic pain in SS patients is that such pain may reflect mechanisms that are not associated with degeneration of neurons. For example, peripheral neuropathy implies a structural lesion that either causes transection of axons, or leads to neuronal cell death of the DRG. However, neuropathic pain can also result in the absence of structural insults to the peripheral nerve. Instead, functional as opposed to neurotoxic mechanisms can be directed against completely viable DRGs. Examples of how neuropathic pain syndromes may occur without an underlying peripheral neuropathy include mechanisms of DRG neuronal hyperexcitability, and the enhanced chemosensitivity of DRGs to pronocioceptive cytokines. 4, 60, 63, 79 This emerging recognition that neuropathic pain may actually require the sustained viability as opposed to degeneration of DRGs has been identified in various neuropathic pain disorders, 5, 14, 40 but has not been extensively considered in SS.
SS patients may also experience neuropathic pain due to similar mechanisms that target viable DRGs, and therefore lack traditional biomarkers of a peripheral neuropathy. Alternative approaches are warranted to characterize abnormal DRGs in SS patients with neuropathic pain. Neuroimaging of the DRGs represents a potentially valuable approach to characterize DRG abnormalities. In other PNS disorders, high-resolution magnetic resonance neurography (MRN) has emerged as a noninvasive modality complementing electrodiagnostic and other ancillary studies. 71 Similarly, dedicated MRN studies of the DRGs would represent a valuable opportunity to characterize abnormal DRGs in SS patients with neuropathic pain. However, current neuroimaging approaches cannot assess such DRG abnormalities. Given that the DRGs normally demonstrate enhancement due to the lack of a surrounding blood-nerve barrier, such enhancement cannot be distinguished from contiguous anatomic elements.
To circumvent these challenges, we here report on a novel, high-resolution MRN technique (MRN DRG protocol), which evaluates radiographic parameters of DRG abnormalities. In the current study we applied this MRN DRG protocol to a case series of 10 SS patients with a proximal distribution of neuropathic pain, and additionally defined the association of abnormal MRN findings with skin biopsy studies.
We conducted a systematic literature review and found that SS patients frequently experience neuropathic pain in the absence of a painful neuropathy; this reinforces how our findings may be applicable to larger subsets of SS patients who experience neuropathic pain but lack such neurotoxic indicators of a neuropathy. Finally, we consider the implications of our findings in the context of the emerging neuropathic pain literature, wherein other authors similarly have identified how functional as opposed to DRG neurotoxic mechanisms are associated with a wide range of genetic, infectious, and immune-mediated neuropathic pain disorders.
PATIENTS AND METHODS

Patients
This was an observational cohort study, characterizing neuropathic pain in a case series of 10 SS patients. Patients were enrolled from the Johns Hopkins Neuro-Rheumatology Clinic. This Neuro-Rheumatology Clinic evaluates patients suspected of having neurologic complications of systemic rheumatic diseases. Patients were recruited between July 2010 and March 2012. This study was approved by the Johns Hopkins University School of Medicine Institutional Review Board. All patients provided informed consent to participate in the study.
All patients underwent a uniform neurologic assessment, including a standardized neurologic examination performed by 1 of the authors (JB), who is both a board-certified neurologist and rheumatologist, along with nerve-conduction studies and punch skin biopsies.
Inclusion Criteria
Inclusion criteria were SS and neuropathic pain. SS syndrome: patients needed to satisfy the 2002 revised American European classification criteria of primary SS. 74 Neuropathic pain: we defined neuropathic pain using a standardized approach based on neuropathic pain questionnaires, neurologic examinations, electrophysiologic studies, and punch skin biopsies. Specifically, patients with neuropathic pain were required to have a score of ≥12 on the s-LANSS neuropathy pain questionnaire, which is a validated questionnaire including descriptors of burning as well as other "positive" descriptors. 6 In addition, patients were required to have abnormalities to superficial pain modalities (including pinprick and/or temperature) in symptomatic regions on neurologic examination, and to have electrophysiologic studies revealing no evidence of axonal neuropathies or demyelinating neuropathies. Similar to previous studies, this permitted us to evaluate a clinically homogenous cohort including patients with predominantly burning as opposed to nonpainful dysesthesias, and with examination deficits to small-fiber modalities indicative of unmyelinated C-fiber dysfunction affecting small-fiber nerves. 10, 12, 26, 30, 38, 43, 55 Finally, we studied SS patients who experienced neuropathic pain in a proximal distribution as opposed to a distal, stocking-and-glove pattern, because the proximal distribution has been associated with DRG abnormalities. 12 A motivating feature of the current study was to determine whether the integrated approach of applying our MRN DRG protocol with skin biopsy enables us to radiographically characterize abnormal DRGs even in neuropathic pain patients without traditional markers of an underlying neuropathy. Therefore, we recruited patients with the above-described clinical features supportive of smallfiber DRG dysfunction, irrespective of whether skin biopsy was indicative of an underlying non-length-dependent neuropathy, and interpreting radiologists were blinded to the results of skin biopsy studies. We designated such patients as having a "proximal" distribution of neuropathic pain, as opposed to a "non-length-dependent" pain distribution, which implies the presence of an underlying small-fiber neuropathy.
Exclusion Criteria and Associated Tests
We used the following exclusion criteria: 1) alternative causes of proximal neuropathic pain were excluded by 2-hour glucose tolerance test (assessing for glucose intolerance and diabetes), vitamin B12, screening for infections (including hepatitis B, hepatitis C, human immunodeficiency virus [HIV]), screening for paraneoplastic antibodies by the Mayo Clinic Paraneoplastic Panel, antigliadin/antiendomysial IgA antibodies for celiac sprue, radiation, or other toxic exposures, and/or medications associated with neuropathic pain. 2) Other causes of DRG enlargement: patients were required to lack clinical, electrodiagnostic, and/or neuroimaging evidence of other disorders that can be associated with DRG enlargement, including demyelinating neuropathies (particularly chronic inflammatory demyelinating neuropathy), genetic disorders such as CharcotMarie-Tooth disease, and diabetes (also excluded because of exclusion criterion #1, above). In addition, patients were required to lack electrodiagnostic evidence of a radiculopathy as a cause of asymmetric neuropathic pain associated with DRG enlargement, and were required to lack magnetic resonance imaging (MRI) evidence of foraminal stenosis in symptomatically affected regions.
Skin Biopsies for Evaluation of Small-Fiber Neuropathy
We performed skin biopsies as previously described. 49 Immunostaining against the panaxonal protein (PGP) 9.5 and quantifying the intraepidermal nerve fiber density (IENFD) of unmyelinated, small-fiber nerves were done by standardized techniques, as previously described. 49 The IENFD was evaluated according to previously validated counting rules, performed by a trained technician, who was blinded to the clinical assessment and evaluation.
MR Neurography With DRG Protocol
All patients underwent optimized MRN with and without intravenous contrast (gadolinium DTPA) administration, with high-resolution (in-plane resolution-sub 1 mm) sequences to characterize the DRGs. We used a combination of 2D and 3D imaging sequences, encompassing axial T1W, axial T2 SPAIR (Spectral Adiabatic Inversion Recovery, Siemens, Erlangen, Germany) TSE (turbo spin echo), Sagittal STIR (short Tau inversion recovery), Coronal 3D isotropic STIR SPACE (Sampling Perfection with Application optimized Contrasts using varying flip angle evolutions), Coronal 3D DW PSIF (diffusion weighted reversed fast imaging in steady state free precession), and postcontrast Sagittal 3D fat suppressed T1 VIBE (Volume Interpolated Breath-hold Examination) for detection and characterization of normal and abnormal DRGs. All images were scored by 2 radiologists (AC, JC), each with 15 years of radiology experience. The radiologists were informed only that these were SS patients with neuropathic pain. They were otherwise blinded with regard to intensity of pain, distribution of symptoms, electrodiagnostic studies, skin biopsy results, modality of treatment, and response to treatment. At each vertebral level, the presence of any DRG abnormality was categorically defined by 1 or more of the following: 1) increase in the size of DRGs; 2) increase in the T2 signal of DRGs; 3) increase in the enhancement characteristics of DRGs-relative to the contralateral level and/or levels above and below imaging abnormalities.
Statistical Analysis
The data were analyzed and summarized using appropriate descriptive statistics for continuous and categorical data. The association of DRG abnormalities with demographic features, clinical attributes of neuropathic pain, autoantibodies, and skin biopsies was evaluated by the Fisher exact test or chi-square analysis for categorical variables, and by Wilcoxon rank sum test or the Student t-test for continuous variables. For all analyses, p values <0.05 (2-tailed) were considered statistically significant. We used the STATA 11.0 statistical program (College Station, TX) to analyze the data.
Literature Review
Purpose of Literature Review and Inclusion Criteria
To characterize the clinical characteristics, diagnostic evaluation, and potential pathogenic mechanisms in SS patients with neuropathic pain, we conducted a systematic review of the literature. We searched the PubMed database (National Library of Medicine, Bethesda, MD) using the following keywords: "Sjögren's syndrome," "neuropathy," and "neuropathic pain." Concerning PNS manifestations: we found only 1 study that characterized the frequency of neuropathic pain in SS patients irrespective of whether there was an underlying peripheral neuropathy. 65 We included this study because the frequency of neuropathic pain was assessed as part of a rigorous protocol that included the administration of well-characterized pain questionnaires in all consecutively evaluated patients. With the exception of this study, we considered that there was a systemic perspective in the literature to only characterize neuropathic pain in SS patients for whom neuropathic pain was necessarily attributed to peripheral neuropathies. Given that only distinct subtypes of neuropathies are invariably associated with neuropathic pain, we required that identification of peripheral neuropathies be objectively defined. We therefore included only studies that used clearly articulated study protocols and sought to rigorously characterize peripheral neuropathies using objective ancillary studies. This included abnormal electrodiagnostic studies, and/or appropriate ancillary studies in cohorts with small-fiber neuropathies (including skin biopsy and quantitative sensory testing).
Concerning the diagnosis of SS: several iterations of SS diagnostic criteria have been refined over the past decades. 74 We required certain core features that have been preserved in the different criteria, including the following: 1) functional studies corroborating symptoms of keratoconjunctivitis sicca and/or xerostomia; 2) evidence of autoimmunity based on the presence of characteristic antibody specificities, such as anti-Ro/SS-A and/or anti-La/SS-B antibody specificities, and/or focal lymphocytic sialadenitis on lip biopsy. 24, 74, 75 Exclusion Criteria Secondary SS: we excluded cohorts in which patients were identified as having an alternative primary inflammatory disease (such as, systemic lupus erythematosus, rheumatoid arthritis), and patients with SS considered a subordinated and "secondary" disease process, because such cohorts may include a heterogeneous variety of PNS disorders not unique to SS patients.
RESULTS
Case Vignette: A Patient With MRN Radiographic Improvement of DRG Abnormalities Associated With Clinical Response to Intravenous Immunoglobulin (IVIg) Therapy
A 42-year-old, right-handed man with SS was referred for multifocal, proximal neuropathic pain. Eighteen months prior to evaluation, he developed burning pain compared to "being stung repeatedly by a swarm of bees," in both legs but also in the face. The severity of such pain was described as 8/10 on a visual analog scale. The patient had deficits to superficial pain modalities of pinprick and temperature in symptomatic regions, and electrodiagnostic studies did not reveal evidence of an axonal or demyelinating neuropathy.
The patient underwent MRN studies with DRG protocol ( Figure 1a ). As indicated, there was enlargement of the DRGs at the symptomatic L5 and S1 vertebral levels, compared to the DRGs at the L4 and more rostral vertebral levels in the lumbar spine.
Prior to his evaluation at our institution, the patient had no improvement in the severity of neuropathic pain after being treated with several months of prednisone at 60 mg/d and oral cyclophosphamide at 2 mg/kg, given over 5 consecutive days. We initiated treatment with IVIg administered at a cumulative monthly dose of 2 g/kg, given over 5 consecutive days. During this period of IVIg therapy, there was no concomitant use of other immunomodulatory agents. The patient reported decreased severity of neuropathic pain after 2 months, and when evaluated 6 months after continuing IVIg treatment, the pain severity had decreased to a 1/10 on a visual analog scale. He underwent repeat MRN studies with DRG protocol after this 6-month period of IVIg-induced clinical improvement (Figure 1b) .
Prior to IVIg therapy, the L5 and S1 DRGs were disproportionately enlarged compared to L4 and more rostral DRGs. After IVIg therapy, there was a disproportionate decrease in the size of the previously enlarged L5 and S1 DRG-such that the L5 and S1 DRGs no longer appear enlarged compared to the L4 DRG and to the DRGs at more rostral levels. Such changes notably paralleled the clinical improvement associated with IVIginduced reduction in neuropathic pain severity. The patient was maintained on IVIg therapy for 18 months, with no further recurrence of neuropathic pain.
Demographic, Clinical, and Immunologic Characteristics of SS Patients
During the study period, this MRN DRG protocol was performed in 10 SS patients who met the inclusion criteria. The demographic, clinical, and immunologic characteristics of the SS patients are summarized in Table 1 . Six patients reported neuropathic pain that antedated the emergence of sicca symptoms. The median age of onset of neuropathic pain was 43 years (range, 25-60 yr), and of sicca symptoms was 48 years (range, 18-63 yr). Eight patients were white and 2 were African-American. The prevalence of male sex, 5 of our 10 patients, is higher than the prevalence reported in the general SS population (where 90% of SS patients are females). 22 Similar to prior studies on SS patients with PNS manifestations, 8, 67 we noted that our SS patients had a lower frequency of autoantibodies and other surrogate markers of B-cell activation compared to patients in other SS cohort studies not enriched with PNS disease. 22 Only 3 patients had antiRo52 antibodies, 6 patients had anti-Ro60 antibodies, 2 patients had anti-La/SS-B antibodies, and 2 patients had anti-rheumatoid factor antibodies. Only 1 patient had a polyclonal gammopathy, no patient had cryoglobulins, and no patient had decreased levels of complements. Table 1 also describes the clinical characteristics of pain, with 9 of 10 patients describing burning pain, and with patients experiencing moderate pain severity, reported as a median of 5.5 on a visual analog scale. Figure 2 illustrates the distribution of pain, clinical and electrodiagnostic findings, skin biopsy studies, results of MRN DRG protocol, severity of pain, and therapeutic response to symptomatic and/or immunomodulatory therapy. As stipulated by our exclusion criteria, none of our patients had clinical or electrodiagnostic evidence of either an axonal or demyelinating neuropathy. Instead, 2 patients (Patient 7 and Patient 9) developed a neuropathy termed a "neuronopathy," which developed within 6 months after onset of neuropathic pain. Such a neuronopathy is known to be associated with DRG neuronal cell loss, and is not associated with axonal or demyelinating nerve injury. 8, 55 Patient 9 was the only SS patient to have a small-fiber neuropathy and skin biopsy indicators of smaller-sized DRG neuronal cell loss. (The association of abnormal MRN studies with skin biopsies is discussed below).
Distribution of Neuropathic Pain and Associated MRN Findings
We performed the MRN DRG protocol on all SS patients with neuropathic pain. Figure 2 illustrates the distribution of pain and associated MRN findings. As indicated, all patients had a distribution of neuropathic pain dissimilar from a traditional stocking-and-glove pattern. Affected regions included the proximal extremities, face, and/or torso. The patient described in the above vignette corresponds to Patient 10 in Figure 2 .
Nine patients underwent MRN at the lumbo-sacral spine; a single patient concomitantly underwent MRN of the cervical spine; and guided by severe, neuropathic pain primarily restricted to the torso, a single patient underwent MRN protocol at the thoracic spine. Altogether, 5 patients had MRN indicators of DRG abnormalities. Four patients had hyperintensity of the DRGs on T2 signal; 3 patients had enlargement of the DRGs; and 2 patients had enhancement of the DRGs. There were no statistically significant differences in the demographic, clinical, and autoantibody characteristics between SS patients with and without MRN DRG abnormalities.
Skin Biopsy Findings in Patients With Abnormal DRGs on MRN DRG Studies Compared to Patients With Normal DRGs
Skin biopsy is a biomarker of a small-fiber neuropathy, with findings of decreased IENFD of unmyelinated nerves diagnostic of a small-fiber neuropathy. 48, 49 In addition, in patients with proximal neuropathic pain, decreased IENFD at the proximal thigh is a marker of proximal-most DRG neuronal degeneration. Such patients are referred to as having a non-lengthdependent, small-fiber neuropathy. We sought to define whether patients with MRN DRG abnormalities had discriminating skin biopsy findings, compared to patients without MRN DRG abnormalities. Pain intensity by VAS, median (IQR) 5.5 (3-9) Tingling pain, n (%) 9 (90%) Mottling, n (%) 7 (70%) Sensitivity to touch, n (%) 8 (80%) Paroxysmal pain, n (%) 8 (80%) Burning pain, n (%) 9 (90%) Sensitivity to stroking, n (%) 7 (70%) Autoantibodies and Immunologic Characteristics Ro52, n (%) 3 (30%) Ro60, n (%) 6 (60%) La/SS-B, n (%) 2 (20%) Rheumatoid factor, n (%) 2 (20%) Erythrocyte sedimentation rate >=30 mm/h, n (%) 3 (30%) Polyclonal gammopathy, n (%) 1 (10%) C3 or C4 hypocomplementemia, n (%) 0 (0%)
We noted that our SS patients with MRN DRG abnormalities had statistically significant increased IENFD of unmyelinated nerves at the proximal thigh. 
Symptomatic Response to IVIg With Follow-Up MRN Studies Showing Interval Improvement in DRG Abnormalities
Prior studies have reported that SS neuropathic pain may be uniquely responsive to IVIg, although it is highly intractable to other potent immunosuppressive therapy (such as cyclophosphamide). 39, 52, 56, 77 Therefore, we compared the clinical response in 6 patients who received IVIg with that in 4 patients who received only symptomatic therapy (due to refusal of insurance companies to reimburse for IVIg treatment).
Altogether, patients who received IVIg had decreased severity of pain compared with patients with symptomatic therapy. Specifically, patients who received IVIg had a mean visual analog scale score that decreased from 8.2 to 4.0 (p = 0.02), compared with patients treated with only symptomatic therapies, whose mean score decreased from 6.8 to 5.5 (p = 0.28). One patient treated with IVIg developed intolerable headaches requiring the discontinuation of IVIg, with pain severity relapsing back to pre-IVIg levels. In the 5 patients who did not have complications stemming from IVIg, monthly treatment at doses of 2 g/kg was associated with no complications and with sustained improvement in pain severity. The 4 patients treated with symptomatic therapy had pain severity that was mainly unresponsive to polysymptomatic approaches, including 3 patients who had been treated with 5 or more symptomatic agents.
Two patients who presented with IVIg-induced clinical improvement in neuropathic pain had baseline abnormal MRN DRG studies and had follow-up MRN studies. Both of these patients had follow-up MRN DRG studies that demonstrated interval improvement in MRN DRG abnormalities. These follow-up studies were interpreted by radiologists blinded to IVIg-induced clinical improvement.
LITERATURE REVIEW
Identification of Studies
From our search of the PubMed database we identified 31 potentially eligible studies. There was only a single study reporting on the frequency of neuropathic pain in SS patients, which was assessed as part of a rigorous protocol that included the administration of well-validated neuropathic pain questionnaires in all consecutively studied patients. 65 In addition to this study, we identified 30 cohort studies reporting on peripheral neuropathies in SS, of which 18 cohort studies satisfied our inclusion criteria for defining SS and objectively characterizing peripheral neuropathies. We excluded 12 studies, due to inclusion of patients with other primary rheumatic diseases 7, 11 ; ascertainment of SS using criteria that did not uniformly require supportive features of autoimmunity 27, 32, 44, 46, 53 ; ascertainment of PNS manifestations without detailed description of objective ancillary studies 45, 54, 72 ; and systematic screening of SS patients who lacked any neurologic symptoms and findings. 16, 29 The 18 studies that satisfied our inclusion criteria are listed in Table 2 . We distinguished between the 10 studies reporting on unselected cohorts of SS patients 1, 11, 25, 31, 34, 35, 58, 61, 67, 68 and the 8 studies reporting on selected cohorts of SS patients. 12, 15, 19, 28, 42, 55, 62, 73 In general, unselected cohort studies permit evaluation of the comparative frequency and spectrum of PNS manifestations, whereas selected cohort studies provide more detailed characterization of a limited subset of PNS manifestations.
As indicated above, we wanted to identify a framework whereby our MRN DRG protocol may be applicable to SS patients with neuropathic pain. Table 2 details the spectrum of the PNS manifestations of SS, the relative frequency of distinct neuropathies in both unselected and selected cohort studies, as well as ancillary studies used in the evaluation of distinct PNS manifestations. The overall goal of this literature review was to consider the potential relationship of neuropathic pain to peripheral neuropathies, and then to juxtapose clinical features of our cohort with cohorts described in the literature.
Frequency of Neuropathic Pain
The initial step was to consider the extent to which SS patients have neuropathic pain that can be attributed to peripheral neuropathies. The frequency of neuropathic pain was recently reported to be 40% in SS patients, in whom the presence of neuropathic pain, fatigue, and other psychosocial morbidities was rigorously assessed by well-validated pain and disability questionnaires. 65 This study also extensively administered questionnaires for chronic disease and other pain syndromes (such as fibromyalgia), which helped to ensure that the validity of neuropathic pain questionnaires was not confounded by the presence of other undetected pain disorders. However, this study did not seek to characterize the presence of peripheral neuropathies using electrodiagnostic and skin biopsy studies. Therefore, to understand whether neuropathic pain was frequently or uncommonly attributable to peripheral neuropathies, we characterized the frequency of peripheral neuropathies in unselected cohort studies.
Prevalence of Peripheral Neuropathies in SS
We found strikingly disparate frequencies of SS peripheral neuropathies in different cohort studies, which varied between 2% and 35% of patients. 35, 59 However, Table 2 provides additional insight into why the frequency of peripheral neuropathies varied substantially among different cohorts. In particular, such variability stems from how SS was defined (that is, with 5 different diagnostic criteria of SS being utilized), how neuropathies were ascertained, and differences related to spectrum and ascertainment bias in smaller cohorts. The cohort studies reporting a comparatively higher frequency of peripheral neuropathies, occurring in more than 30% of patients, were described in cohorts that defined SS using older diagnostic criteria that have since been revised 35 and did not necessarily require all patients to have markers of autoimmunity, 1 and therefore potentially included patients with other autoimmune diseases or noninflammatory causes of sicca symptoms. Furthermore, the smallest studies which reported the highest frequency of neuropathies (approximately 30%) were most susceptible to ascertainment bias, and may have overestimated the prevalence of neuropathies. 1, 35 In contrast, of the 6 largest studies including between 120 and 1010 SS patients, 11, 25, 58, 61, 67, 68 5 studies reported that the prevalence of neuropathies was only 2%-11%. 11, 25, 58, 61, 68 The remaining study by Sene et al, 67 which described peripheral neuropathies in 23% of patients (28 of 120 patients, with 2 patients with isolated trigeminal neuropathies not categorized in our analysis as having peripheral neuropathies), may have comprised patients with more severe disease as the cohort was recruited shortly after hospitalization.
Those studies that used updated SS diagnostic criteria, required all SS patients to have supportive features of autoimmunity, and characterized peripheral neuropathies in larger numbers of patients reported neuropathies in 2%-10% of patients. An important implication of this finding is that such a low frequency of peripheral neuropathies (≤10%) cannot completely account for Abbreviations: KCS=keratoconjunctivitis sicca; FLS=focal lymphocytic sialadenitis; N/A= Not applicable. †The prevalence of neuropathies was only assessed in unselected cohorts of consecutively, evaluated SS patients.
*Patients were classified as having demyelinating neuropathies, but did not undergo assessment for electrodiagnostic markers of axonal neuropathies.
†Two patients clinically characterized as having sensory polyneuropathies refused nerve-conduction studies. ‡Further details were not provided in the manuscript about whether the neuropathies were axonal and/or demyelinating. §Nine polyneuropathy patients had abnormal electrodiagnostic studies, with no information provided about whether neuropathies were axonal and/ or demyelinating; or sensory and/or motor. Six polyneuropathy patients were clinically diagnosed. No patients with mononeuropathy were described as having a vasculitic neuropathy.
║Six patients did not undergo skin biopsy for evaluation for a concomitant, small-fiber neuropathy. ¶Nine patients had sural nerve biopsies consistent with a small-fiber neuropathy. #Six patients had vasculitis on neuromuscular biopsies. None of the sensorimotor neuropathies were characterized as being consistent with a mononeuritis multiplex. the substantially higher frequency of neuropathic pain described in up to 40% of SS patients. 19, 65 Decreased Frequency of Painful Neuropathies, Compared to Neuropathies Not Necessarily Associated With Neuropathic Pain
Although the above analysis indicates that peripheral neuropathies are described in 2%-10% of SS patients, it is important to consider that peripheral neuropathies are not necessarily painful. As a subsequent step to define the potential attribution of SS neuropathic pain to peripheral neuropathies, we reviewed the frequency of painful compared with nonpainful neuropathies. In doing so, we considered that the only peripheral neuropathies invariably associated with neuropathic pain are mononeuritis multiplex and small-fiber neuropathies. In contrast, the sensory manifestations of polyneuropathies may be conveyed using "negative" sensory descriptors (for example, "numbness"), as opposed to "positive" descriptors of neuropathic pain (such as "burning" or "tearing" pain). Therefore, we compared the frequency of the painful neuropathies-mononeuritis multiplex and smallfiber neuropathies-with polyneuropathies, which are not invariably associated with neuropathic pain.
Such painful neuropathies are reported at substantially lower frequencies than polyneuropathies ( Table 2 ). Reports of unselected cohort studies described sensory or sensorimotor polyneuropathies as constituting between 44% and 71% of SS-associated peripheral neuropathies. 1, 11, 31, 35, 58, 67 In contrast, mononeuritis multiplex was the least commonly reported neuropathy in 6 of 7 unselected cohort studies reporting on subtypes of neuropathies (≤11%), and was not even identified in 4 of these 7 studies. 31, 34, 35, 67 Altogether, unselected cohort studies reported that the overall prevalence of vasculitic neuropathies in SS patients is only between 0 and 3%. 1, 11, 25, 31, 34, 35, 58, 61, 67, 68 As noted above, small-fiber neuropathy is the only peripheral neuropathy other than vasculitic neuropathies that uniformly presents with neuropathic pain. Small-fiber neuropathies are invariably painful; they target the thinly myelinated A-delta fibers and unmyelinated C-fiber studies, but cannot be detected by routine electrodiagnostic studies. 41, 47 Therefore, the diagnosis of small-fiber neuropathies requires alternative diagnostic techniques such as skin biopsy. 49 However, of the 10 unselected cohort studies, a striking finding is that only a single study reported on SS patients with small-fiber neuropathies. 67 Reasons for such an omission of small-fiber neuropathies in unselected cohort studies may include lack of awareness of small-fiber neuropathy as a distinct PNS entity in SS, and inaccessibility to diagnostic techniques required in the detection of small-fiber neuropathies.
In contrast, the identification of SS small-fiber neuropathies was noted in 4 of the 8 studies reporting on selected SS patients, 12, 19, 28, 55 which likely reflects greater awareness of smallfiber neuropathy as a distinct PNS entity of SS, as well as available expertise to perform supportive, ancillary studies.
Distinguishing Features of the Current Case Series of SS Patients Compared to the Spectrum of SS PNS Disease Reported in the Literature
Of all the cohort studies characterizing SS small-fiber neuropathies, 12, 19, 28, 55, 67 only the study of Chai et al 12 reported a clinical spectrum of neuropathic pain that resembled that of the patients in our study. In particular, the study of Chai et al and our study similarly characterized neuropathic pain occurring in a proximal distribution, not conforming to a distal, stockingand-glove pattern. However, whereas Chai et al 12 reported on SS neuropathic pain associated with skin biopsy markers of DRG cell loss and an underlying neuropathy, we report on radiographic features of DRG abnormalities in SS patients without underlying markers of a neuropathy.
Summary of Literature Review
Our literature review indicates that the frequency of neuropathic pain in SS patients exceeds the prevalence of peripheral neuropathies, and suggests that SS patients with neuropathic pain have alternative mechanisms not associated with peripheral neuropathies.
DISCUSSION
We describe here the application of a novel MRN DRG protocol to a well-characterized cohort of 10 SS patients with neuropathic pain, all of whom underwent a standardized and rigorous evaluation including the administration of neuropathic pain questionnaires, clinical examination, electrodiagnostic studies, and punch skin biopsies. There were several significant findings. First, we characterized MRN DRG abnormalities in 5 SS patients with neuropathic pain, all of whom had normal skin biopsy studies and otherwise would not have been considered as having objective evidence of PNS disease. Second, we defined that patients with abnormal MRN DRG studies had statistically significant increased IENFD on skin biopsy compared to patients with normal MRN DRG studies. Third, these findings are of special interest given that our literature review demonstrated that most SS patients with neuropathic pain do not have neurotoxic markers of a peripheral neuropathy. Given that we detected that MRN DRG changes were not associated with an underlying peripheral neuropathy, our findings suggest a unique and important niche for this MRN DRG technique in the evaluation of this broader subset of SS patients with neuropathic pain but without underlying neuropathies. Finally, we consider below the implications of our findings in the context of an emerging neuropathic pain literature, where others have similarly identified how functional as opposed to DRG neurotoxic mechanisms are associated with a wide range of genetic, infectious, and immune-mediated neuropathic pain disorders.
An important, multidisciplinary implication of the current study is how our MRN DRG protocol can characterize DRG abnormalities in SS patients with a proximal distribution of pain, who may otherwise be considered to have a nonorganic pain disorder. Although neuropathic pain is well recognized when occurring in a familiar stocking-and-glove distribution, SS patients with unorthodox distributions of pain are frequently thought not to have an objective, anatomical basis for the pain (Figure 2 ). Skin biopsy can provide objective evidence that 1 such cause of neuropathic pain is a small-fiber neuropathy associated with DRG neuronal cell death. 10, 12, 26, 30, 38, 43, 55 Our MRN DRG protocol can serve as an additional biomarker to substantiate that SS patients with multifocal neuropathic pain have a "real" neuropathic pain disorder, associated with neuroimaging findings of DRG abnormalities.
We took the novel approach of integrating our MRN DRG protocol with skin biopsy studies. We determined that patients with abnormal MRN DRG abnormalities had statistically significant increased IENFD, compared to patients with normal MRN DRG studies. These findings suggest that abnormal MRN DRG studies may reflect mechanisms associated with trophic as opposed to neurotoxic mediators.
In particular, trophic mediators such as nerve-growth factor can exert pronociceptive influences at the level of the DRG, by increasing DRG neuronal hyperexcitability, chemosensitivity, and mechanosensitivity. 60, 63, 79 Such neurotrophins may also have immunomodulatory actions, and have been reported to be upregulated in inflammatory disorders such as SS. 66 Given the increasingly large therapeutic armamentarium to target such trophic influences, 50 this association between abnormal MRN DRG studies and increased nerve-fiber density may have therapeutic as well as mechanistic implications; further studies using this paired neuroimaging-pathologic approach are justified.
We emphasize the context in which we are interpreting these skin biopsy findings. In clinical practice, skin biopsy is a diagnostic biomarker of a small-fiber neuropathy and is only defined as being "abnormal" when the IENFD is below the fifth percentile compared to normative controls. Prior studies have not considered whether there is a comparable threshold for defining skin biopsy as being abnormal, based on "supra-normal" values of IENFD. Therefore, in the current study we are careful to characterize and distinguish patients with MRN DRG abnormalities as having increased IENFD only relative to patients without MRN DRG abnormalities; and we have purposefully not designated such patients as having abnormal skin biopsies. If we had just defined all patients with values of IENFDs above the fifth percentile of normative controls as having normal studies, such a characterization would have masked important differences between the patients with MRN DRG abnormalities and those without. By quantifying and comparing IENFD in patients with and without MRN DRG abnormalities, we have demonstrated distinct and statistically significant differences that likely have mechanistic implications.
Our findings that SS patients with abnormal MRN DRG studies may lack neurotoxic markers of a neuropathy are consistent with recent reports of different genetic, 14, 36 immunemediated, 40 infectious, 57, 78 and iatrogenic causes of neuropathic pain. 20 For instance, gain-of-function, genetic mutations affecting the DRG-associated, Nav1.7 nociceptive channel have been identified in neuropathic pain disorders without markers of a neuropathy. 36 Recently, a patient with widespread neuropathic pain was described as having a novel mutation affecting the DRG-associated Nav1.7 DRG channel, but lacking markers of a neuropathy, and with in-vitro studies demonstrating mechanisms of neuropathic pain driven by DRG neuronal hyperexcitability. 14 Similarly, a recent study described anti-neuronal antibodies targeting the voltage-gated potassium channel antibody in patients with chronic pain. 40 That cohort included neuropathic pain patients with attributes similar to the SS patients in the current study, including widespread and burning neuropathic pain not associated with skin biopsy or other markers of a neuropathy. While such anti-neuronal antibodies are known to target axons, it was hypothesized that such antibodies may also be directed against DRGs. 5 Reactivation of the varicella zoster virus in the DRG may cause postherpetic neuralgia, which can cause burning pain and tactile allodynia similar to that experienced by SS patients in the current study. Whereas the most common pathologic finding is DRG hemorrhagic necrosis, other patients without skin biopsy findings of a neuropathy may have DRG inflammatory changes without necrosis. 57, 78 Patients with other inflammatory disorders have been described as having a burden of neuropathic pain not explained by an underlying neuropathy. In a cohort of neuro-sarcoidosis patients, two-thirds of patients with small-fiber symptoms and clinically suspected as having a small-fiber neuropathy had normal skin biopsy studies. 3 Finally, whereas chemotherapyassociated neuropathic pain may be neurotoxic to DRGs at high doses, lower doses may not be neurotoxic to DRGs and are therefore not associated with markers of a neuropathy. 20 Information from these reports illustrates how neuropathic pain may occur in the absence of a neuropathy, and therefore especially suggests why our MRN DRG studies represent a potentially valuable diagnostic niche in the evaluation of SS neuropathic pain. Our collective findings suggest a diagnostic approach to SS neuropathic pain patients, and is described as follows.
Diagnostic Algorithm With MRN DRG Neuroimaging for Evaluating Neuropathic Pain in SS Patients
The initial evaluation of potential neuropathic pain hinges on the symmetry and distribution of symptoms. As discussed above, the likelihood that neuropathic symptoms stem from an underlying neuropathy is enhanced when patients describe symptoms occurring in a well-recognized, stocking-and-glove distribution. Clinical and electrodiagnostic assessment can evaluate for larger-fiber demyelinating or axonal neuropathies. In contrast to patients with small-fiber dysfunction, patients with larger-fiber neuropathies may describe numbness as well as neuropathic pain, and have electrodiagnostic studies indicative of an axonal and/or a demyelinating polyneuropathy. In such cases, no further assessment is necessary. Skin biopsy studies can be used in the evaluation of patients with potential small-fiber dysfunction, 49 who usually complain of burning pain and may have neurologic examinations showing selective deficits to small-fiber modalities (such as pin-prick and temperature). 41 However, as demonstrated in the current study, patients with suspected small-fiber dysfunction can have normal skin biopsy studies but abnormal MRN DRG studies. Our findings support that the MRN DRG protocol may provide evidence of DRG abnormalities in such SS neuropathic pain patients without skin biopsy markers of a peripheral neuropathy. This suggested algorithm can now be evaluated in future studies.
We also add to the literature about the efficacy of IVIg in SS patients experiencing neuropathic pain without electrophysiologic features of axonal neuropathies. 39, 52, 56, 77 We report that 2 SS neuropathic pain patients with MRN DRG abnormalities who clinically responded to IVIg had repeat MRN studies noting interval improvement in DRG abnormalities. This reduction of neuropathic pain associated with improvement of MRN DRG abnormalities, described in the patient vignette, provides indirect but tantalizing evidence that MRN may be capturing immune-mediated mechanisms that may be targeted by IVIg immunomodulatory therapy.
We emphasize that our findings should be interpreted with caution, given the small number of patients treated with IVIg. As far as we know, our findings also represent the first example whereby IVIg-associated improvement in neuropathic pain has been longitudinally associated with interval improvement of any ancillary study. Yet we acknowledge that neuroimaging markers of PNS disease may fluctuate over time, independent of clinical response and treatment intervention. These preliminary findings in our case series suggest that larger studies evaluating the efficacy of IVIg are now warranted, and that the natural history of MRN DRG abnormalities needs to be longitudinally assessed in IVIg-naive patients.
An important point is whether the multiple versus individual indicators of DRG abnormalities characterized in the current study are associated with a more severe clinical profile, associated with distinct electrodiagnostic or skin biopsy findings, or augur responsiveness or intractability to treatment. Within the context of this study, we could not detect any such associations. The lack of any associations may reflect the small number of patients evaluated in this case series, and would be an important and intriguing aspect to explore in future studies. Whereas we predominantly characterized MRN DRG abnormalities in patients with neuropathic pain having normal skin biopsy studies, prior studies have primarily reported that SS patients with such proximal neuropathic pain have abnormal skin biopsy studies, which can be associated with abnormal electrodiagnostic studies showing a sensory neuronopathy (and associated with largersized DRG neuronal cell death). Only 1 of the current patients had small-fiber neuropathy, and only 2 patients had sensory neuronopathies. This may reflect referral bias, given that patients were primarily referred to the Neuro-Rheumatology Clinic for evaluation of a systemic rheumatic disease, whereas referral to tertiary-care neuromuscular cohorts may be instead driven by severity of neurologic symptoms (that is, increased severity of vasculitic neuropathies in selected compared with unselected cohort studies; see Table 2 ). Although we found that patients with lower IENFD on skin biopsy lacked MRN DRG abnormalities, further application of our MRN DRG protocol to SS patients with small-fiber neuropathy would be useful.
Several limitations of the current study need to be considered. First, we acknowledge that our findings were characterized in a small number of patients, and we have therefore been careful to emphasize our findings as occurring in the context of a case series. Given the nature of this case series, we have presented our findings in the context of a comprehensive review of the SS PNS literature, which suggests how our patients may represent an overlooked spectrum of SS PNS disease.
We acknowledge that the indicators we used to characterize the DRGs, based on hyperintensity, enlargement, and/or enhancement, were interpreted by radiologists with extensive expertise (15 years of experience each), and may initially be difficult to interpret for less-experienced radiologists. However, such challenges are not unlike limitations currently faced by the application of various imaging modalities in rheumatic diseases, in which the qualitative distinction between abnormal and normal radiographic findings depends on the experience of interpreting radiologists. 9 In such examples, radiographic approaches that can assess quantitative changes may permit more valid radiographic interpretation and distinction between abnormal and normal tissue. Our MRN study is ideal for such quantitative approaches. Therefore, we are now planning diffusion tensor imaging (DTI) studies to characterize the size of DRGs quantitatively. Assessment for disproportionate enhancement can be subtle, given that the DRGs normally enhance. The use of radiographically unaffected nerves for comparison also needs to be substantiated in this disease that has diffuse systemic effects. However, we note that SS patients may have neuropathies exquisitely localized to a single DRG or sensory ganglia (such as trigeminal neuropathy), even in the context of highly active systemic disease that jeopardizes other end-organs. Finally, the more diffuse and multifocal pain in the torso and upper extremities could not be fully evaluated in this initial study, which primarily evaluated DRGs in the lumbar spine.
In conclusion, we have developed a novel MRN approach that circumvents traditional barriers of imaging abnormal DRGs, and have demonstrated abnormal MRN DRG studies in SS patients with neuropathic pain. These findings in our case series provide exciting directions for future studies with larger numbers of patients.
